Introduction
Sudden cardiac arrest (SCA), defined as a natural and unexpected collapse of presumed cardiac aetiology, 1 is a major contributor to cardiovascular mortality ( 50%), with an estimated number of 300 000 cases a year in Europe. 2, 3 While SCA is principally related to coronary artery disease (80%), 4 other causes include cardiomyopathies and electrical disorders, which are of particular importance due to their often dominant inherited (or familial) pattern and the potential for preventive measures among relatives. [5] [6] [7] [8] [9] [10] [11] The diagnosis of idiopathic ventricular fibrillation (IVF) is reserved for cases where there is no evidence of underlying structural or electrical heart disease. 12, 13 However, this requires a thorough and comprehensive evaluation and should be a diagnosis of exclusion. Studies have suggested that a definitive diagnosis could be unmasked in more than half of apparently unexplained SCA, through a complete systematic medical assessment. [14] [15] [16] This is crucial from several perspectives including prognostication, implementation of specific therapy when possible, appropriate lifestyle counselling, and also optimization of screening and prevention among relatives. 5, 8, 10, 11, 17, 18 However, clinical characteristics of unexplained cardiac arrests and the extent to which such a comprehensive cardiac assessment is carried out in the real-life setting has not been investigated so far at the community level. Hence, we aimed to describe characteristics of patients labelled as IVF, evaluate the completeness of investigations in these cases, and address factors associated with more exhaustive investigations through a large ongoing prospective registry of SCA in Paris Area.
Methods

Study setting
The methodology of this study is consistent with the STROBE checklist for observational studies. 19 The Paris Sudden Death Expertise Center (Paris-SDEC) registry is an ongoing study and has been described previously. [20] [21] [22] Briefly, it is a prospective population-based registry comprising
Paris and suburbs, encompassing a residential population of approximately 6.7 million and covering 762 km 2 . Owing to a close collaboration with all the pre-hospital emergency medical services (EMS), every adult (> _18 years) case of out-of-hospital cardiac arrest occurring in the area of interest is systematically and prospectively enrolled in the Paris-SDEC registry since May 2011. In Paris, management of out-of-hospital cardiac arrest involves the firefighters and mobile emergency units, including at least one trained physician in emergency medicine. Patients in whom a return of spontaneous circulation is achieved are referred to a centre with an intensive care unit (ICU) and coronary intervention facilities. Patients aged less than 18 years and cardiac arrests occurring outside the geographical area of interest are excluded. Regular audits on the registry show that 99% of cardiac arrest cases admitted alive to the hospital are detected. 20 The study is conducted in compliance with Good Clinical Practice, French Law, and the French data protection law. Data file of the Paris-SDEC registry was declared to and authorized by the French data protection committee (Commission Nationale de l'Informatique et des Libertés, CNIL).
Study population
Among all cases of out-of-hospital cardiac arrest collected in the Paris-SDEC registry, survivors of SCA of cardiac origin were analysed. According to definitions from recent guidelines, 1 SCA was defined as an unexpected cardiac arrest without obvious extra-cardiac cause, occurring with a rapid witnessed collapse within 1 h after the onset of symptoms, or if unwitnessed, occurring within the 24 h after the last contact, in the absence of a prior terminal condition. Those likely due to other non-cardiac circumstances (such as trauma, drowning, hanging etc.) were excluded. Fourier phase analysis of gated blood pool single-photon emission computed tomography, 41 myocardial voltage mapping, 42 and genetic tests were also collected, as these tests can potentially reveal specific phenotypes in some cases of unexplained SCA. We finally hypothesized that academic centres (with dedicated electrophysiology units), and specific patients' characteristics, could be associated with more thorough investigations.
Data collection
Statistical analysis
Continuous data were expressed as mean ± standard deviation. Categorical data were expressed as frequencies and percentages. Figure 2) . Among the 88 patients without a diagnosis after the initial evaluation (ECG, echocardiogram, and coronary angiography), the proportion of unexplained SCA decreased from 100% to 55.7% after performance of subsequent examinations (cardiac MRI, ergonovine test, and pharmacological tests, Figure 3 ). In this group (unexplained SCA after initial evaluation), cardiac MRI revealed the diagnosis in 34 .7%, ergonovine test in 30 .8%, catecholamine test in 7.7%, and ajmaline challenge in 4.2% of investigated cases (diagnostic yield, Figure 2) . Finally, a diagnosis of IVF was considered in 49 patients managed in 13 different hospitals, with no evidence of underlying structural or electrical heart disease discovered within the ambit of the performed investigations. Characteristics of IVF cases compared with other SCA are summarized in Table 1 . Idiopathic ventricular fibrillation patients were younger (48.7 ± 14.8 vs. 57.8 ± 14.2 years, P < 0.001), had fewer traditional cardiovascular risk factors, and greater likelihood of family history of SCA (18.4% vs. 3 .9%, P < 0.001). Emergency medical services were less frequently called prior to SCA in the IVF group (0% vs. 18 .1%, P = 0.001), mostly related to a lower proportion of warning cardiac symptoms reported (defined as chest pain, dyspnoea, palpitations or faintness/syncope in the 4 weeks before SCA, 16 .3% vs. 44 .9%, P < 0.001). Average collapse to basic life support time was longer (5.2 ± 4.9 vs. 3 .0 ± 4.1 min, P < 0.001) in IVF patients. The observed differences in sex distribution (69.4% vs. 80 .8% of male, P = 0.080) and proportion of cases occurring during sport activity (16.7% vs. 9 .6%, P = 0.132) were not statistically significant.
In the IVF group, investigations were more comprehensive, but inconsistently performed ( Figure 2) . Younger patients [odds ratio (OR) 6.00, 95% confidence interval (CI) 1.80-22.26 , P = 0.005 for patients <45 vs. >45 years] and those admitted to university centres with dedicated electrophysiology units as compared with non-academic hospitals (OR 3.60, 95% CI 1.12-12.45, P = 0.035) were more thoroughly investigated. There was no significant difference according to sex (P = 0.371). No complication was reported during the investigations, and there was no correlation between the length of hospital stay after ICU discharge and the number of investigations performed (average of 11.5 ± 5.3 days, r = 0.25, P = 0.087).
All 49 patients with a diagnosis of IVF had a favourable neurological outcome (CPC Score 1 or 2), and were implanted with an ICD for secondary prevention. Family screening was initiated during initial hospitalization in only 12 (24.5%) patients. The median follow-up was 48.7 months (range 11.7-71.2), with comprehensive data available in 46 (93.9%) patients. Aetiological investigations performed during follow-up after the initial evaluation were exercise testing in six patients, Holter-ECG in four, genetic testing in four, ergonovine challenge in three, and cardiac scintigraphy in two patients. These additional examinations eventually revealed two coronary vasospasms and one long QT syndrome (unmasked by exercise testing, Figure 3) . Regarding genetic findings, one variant of unknown significance was found in the KCNQ1 gene in the patient with long QT 
Discussion
To the best of our knowledge, this is the first study evaluating the completeness of medical assessment among survivors of unexplained SCA in the community. Our findings suggest that in a real-life setting, there is a significant lack of comprehensive cardiac investigation, leading to an overuse of the diagnosis of IVF. These findings call for the implementation of a standardized, systematic diagnostic approach in such cases.
Maximizing the ability to establish a diagnosis in 'unexplained' SCA has several implications. Firstly, it allows for provision of specific medical therapies, which might otherwise not be considered in a particular case. Although ICD implantation is almost universally done after SCA without acute or reversible cause, targeted pharmacological treatment can reduce ventricular arrhythmias and device therapies, as can implementation of essential lifestyle changes (avoiding highrisk drugs in long QT and Brugada syndromes, limiting excessive alcohol intake and immediate treatment of fever with antipyretic drugs in 
Brugada syndrome, and limiting or avoiding sports activities in exercise-related rhythm disorders). 12, 43 Secondly, because patients with SCA and no structural heart disease most of the time turn out to have inherited cardiac disorders, obtaining a diagnosis is crucial to perform targeted screening of family members, allowing early diagnosis and implementation of primary prevention for these patients, before the potential occurrence of a life-threatening event as first presentation. 5, 8, 10, 11, 44, 45 It has been tested and demonstrated that in the absence of a clear aetiology after ECG, echocardiography, and coronary angiography, a global workup strategy using a systematic algorithm including in particular pharmacological, exercise, and genetic testing, may allow the identification of cardiac abnormalities in more than half of apparently unexplained SCA. [14] [15] [16] In our population, less than 20% of the cases labelled IVF received a comprehensive investigation. In particular, while cardiac MRI was performed in the majority of cases (80%), coronary vasospasm provocative testing and ajmaline tests were clearly underused. Also, the very low rate of exercise testing and Holter-ECG recording could have led to missed opportunities to diagnose catecholaminergic polymorphic ventricular tachycardia cases or unmask some long QT syndromes. 46 Concerning adrenaline challenge and QT analysis, its predictive value and interpretation remains debated and often challenging, whereas it is much more useful and simple to perform both an exercise test and a 12-lead 24 h Holter recording to observe specific changes in repolarization during the recovery phase or night-time. These striking findings illustrate the gap between results reported by highly specialized electrophysiology teams working in tertiary centres, and our real-world approach involving numerous unselected hospitals. Moreover, our results emphasize that very few investigations are performed during follow-up subsequent to the initial evaluation during index hospitalization. The fibrillation') rate by number of additional examinations after the initial workup (electrocardiogram, echocardiography, and coronary angiography) and during follow-up. *Cardiac MRI, ergonovine challenge, and pharmacological tests (ajmaline or cathecolamine) were considered for the initial evaluation. The three additional diagnoses made during the follow-up were revealed by two ergonovine challenges (coronary vasospasms) and one exercise testing (long QT syndrome). IVF, idiopathic ventricular fibrillation. 13 While recent European guidelines have underlined the crucial role of family screening, stating a clear diagnostic approach with ECG, echocardiography (and/or MRI), Holter-ECG, exercise testing, signal averaged ECG, and provocative test with ajmaline (when Brugada syndrome is suspected), the need for further thorough investigations in the index case is left to the treating specialist's discretion. The value of genetic tests has also been emphasized in case of clinical suspicion of a specific phenotype with an inherited cardiac disorder. 12 Although targeted genetic testing has been reported to find causative mutations in up to almost 50% of cases of apparently unexplained SCA, 11 genetic screening for a large panel of genes in IVF patients is not currently recommended, 12,43 due to its low yield in the absence of a specific clinical suspicion to guide testing, where multiple rare variants of unknown significance cannot formally be considered as causal in the absence of informative familial analyses. Nevertheless, being initiated in only 9 (18.4%) patients in the present study, there is a clear, present scope to enhance the role of genetic testing in the diagnostic armamentarium, particularly in the light of promising results from recent studies. 46 Screening of first-degree relatives of an unexplained SCA is essential, and several studies have shown its clinical relevance. Krahn and colleagues. 10 reported cardiac abnormalities in 17-30% (depending on levels of diagnostic strength) of a large population of 398 firstdegree family members of unexplained SCA. In addition to enabling early, specific management in case of identification of a clear Our study highlights that a diagnosis of IVF is made in a significant minority of SCA cases (6.8%). Although its exact incidence is unknown and will probably decline with advancements in diagnostic testing and the discovery of new primary arrhythmia syndromes, similar rates from 5 to 10% have been reported in the literature. 47, 48 It represents, for example, a higher proportion of SCA than identified electrical primary disorders in our study [15 (2.1% ) patients], although, as discussed above, inadequate medical investigations probably underestimate the true proportion of channelopathies. We also identified several clinical characteristics of cases labelled IVF. Patients were younger, with a distinct and lower cardiovascular risk factors profile, and a relatively good proportion of them had a family history of SCA (18.4%). Although circumstances of occurrence were similar to other SCAs, relatively fewer of them had specific cardiac symptoms during the weeks prior to the event, with resultant less pre-SCA EMS call and thus longer collapse to basic life support duration. These findings fit particularly with a primary electrical cardiac disorder, characterized by propensity toward ventricular fibrillation in an otherwise normal heart, and emphasize the challenge represented by the prediction of such cases, where SCA may be the inaugural event and alternative preventive strategies have to be sought.
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Study limitations
The present study has certain limitations. Firstly, our hospital data are extracted from medical records. While a central committee performed adjudication, this process was based on medical files provided by the different hospitals. Furthermore, we collected the performance of specialized key cardiac investigations, which are unlikely to be underreported in medical reports. We also contacted the referral physician of each IVF case to ensure that all examinations performed were collected. However, family screening, often implemented after completion of all clinical testing can be significantly delayed or initiated by other practitioners, and might be missed in some instances. Secondly, our data are based on a large population with numerous centres involved, but due to the limited number of cases as well as the relatively short study period, we were not able to adequately assess temporal trends in investigation of SCA over the years. Thirdly, disparities in the extent of SCA investigation may exist both regionally and in different Health systems and caution has to be exercised in generalizing these results. Finally, our main result focuses on investigations performed during hospitalization or planned at discharge, because our objective was to assess the comprehensiveness of the initial workup by the different teams in current practice before labelling SCA as IVF, but diagnoses could emerge remotely, especially in this population where a close follow-up has been shown to be essential. 16, 52, 53 However, our data on follow-up emphasize that very few investigations are performed after the initial evaluation.
Conclusion
Our findings from a real-life setting emphasize the extent to which unexplained SCAs are insufficiently investigated and the diagnosis of IVF is probably overused, despite evidence supporting the yield of exhaustive medical investigations in this specific setting. Less than 20% of patients eventually benefit from a complete workup in this context, underlining the importance of referring these patients to expert centres. Guidelines have to be framed, promoting a standardized and systematic diagnostic strategy to improve the proportion of definite diagnosis in apparently unexplained SCA and allow optimized management and better preventive strategies, including among family members.
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